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ABSTRACT
The LIGO/Virgo collaboration has reported the detection of GW190412, a black hole-black hole
(BH-BH) merger with the most unequal masses to date: m1 = 24.4–34.7 M and m2 = 7.4–10.1 M,
corresponding to a mass ratio of q = 0.21–0.41 (90% probability range). Additionally, GW190412’s
effective spin was estimated to be χeff = 0.14–0.34, with the spin of the primary BH in the range
aspin = 0.17–0.59. Based on this and prior detections, & 10% of BH-BH mergers have q . 0.4.
Major BH-BH formation channels (i.e., dynamics in dense stellar systems, classical isolated binary
evolution, or chemically homogeneous evolution) tend to produce BH-BH mergers with comparable
masses (typically with q & 0.5). Here we test whether the classical isolated binary evolution channel
can produce mergers resembling GW190412. We show that our standard binary evolution scenario,
with the typical assumptions on input physics we have used in the past, produces such mergers. For
this particular model of the input physics the overall BH-BH merger rate density in the local Universe
(z ∼ 0) is: 73.5 Gpc−3 yr−1, while for systems with q < 0.41 the rate density is: 6.8 Gpc−3 yr−1.
The results from our standard model are consistent with the masses and spins of the black holes in
GW190412, as well as with the LIGO/Virgo estimate of the fraction of unequal-mass BH-BH mergers.
As GW190412 shows some weak evidence for misaligned spins, we provide distribution of precession
parameter in our models and conclude that if among the new LIGO/Virgo detections the evidence of
system precession is strong and more than 10% of BH-BH mergers have large in-plane spin components
(χp > 0.5) then common envelope isolated binary BH-BH formation channel can be excluded as their
origin.
Subject headings: stars: black holes, neutron stars, x-ray binaries
1. INTRODUCTION
The first confirmed double black hole (BH-BH) coa-
lescence to be reported from the LIGO/Virgo O3 run,
GW190412, differs from all previously announced BH-
BH mergers in one important detail: it is the first BH-
BH detection that has a mass ratio inconsistent with
unity (The LIGO Scientific Collaboration & the Virgo
Collaboration 2020). All ten BH-BH mergers announced
by the LIGO/Virgo team from the O1 and O2 obser-
vational campaigns were consistent with being equal-
mass mergers (Abbott et al. 2019a,b; Fishbach & Holz
2020). In contrast, GW190412’s component masses are
m1 = 29.7
+5.0
−5.3 M and m2 = 8.4
+1.7
−1.0 M, with a mass
ratio of q = 0.28+0.13−0.07 (median and 90% symmetric cred-
ible interval) and a maximum mass ratio of q = 0.59
(99% probability). The dimensionless spin of the primary
(more massive) BH spin is estimated to be aspin1 = 0.17–
0.59. The LIGO/Virgo collaboration also gave their con-
straints on the system effective spin parameter, which is
expressed by the formula:
χeff =
m1aspin1cosθ1 +m2aspin2cosθ2
m1 +m2
(1)
where θi is the angle between the individual BH spin
aspini and the system orbital angular momentum. The
estimated value of the system effective spin parameter is
χeff = 0.25
+0.09
−0.11 (90% probability). The inferred BH-BH
merger rate density from O1/O2 is 9.7–101 Gpc−3 yr−1.
From this and previous detections, & 10% of BH-BH
mergers have mass ratios q < 0.40 (The LIGO Scientific
Collaboration & the Virgo Collaboration 2020).
It is expected that merging BH-BH systems may form
thorough several channels which are the classical isolated
binary evolution channel (Bond & Carr 1984; Tutukov &
Yungelson 1993; Lipunov et al. 1997; Voss & Tauris 2003;
Belczynski et al. 2010b; Dominik et al. 2012; Kinugawa
et al. 2014; Hartwig et al. 2016; Spera et al. 2016; Bel-
czynski et al. 2016a; Eldridge & Stanway 2016; Woosley
2016; Stevenson et al. 2017; Kruckow et al. 2018; Hainich
et al. 2018; Marchant et al. 2018; Spera et al. 2019;
Bavera et al. 2020), the dense stellar system dynami-
cal channel (Portegies Zwart & McMillan 2000; Miller &
Hamilton 2002b,a; Portegies Zwart et al. 2004; Gu¨ltekin
et al. 2004, 2006; O’Leary et al. 2007; Sadowski et al.
2008; Downing et al. 2010; Antonini & Perets 2012a; Be-
nacquista & Downing 2013; Bae et al. 2014; Chatter-
jee et al. 2016; Mapelli 2016; Hurley et al. 2016; Ro-
driguez et al. 2016; VanLandingham et al. 2016; Askar
et al. 2017; Arca-Sedda & Capuzzo-Dolcetta 2017; Sam-
sing 2017; Morawski et al. 2018; Banerjee 2018; Di Carlo
et al. 2019; Zevin et al. 2019; Rodriguez et al. 2018;
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2Perna et al. 2019; Kremer et al. 2020), isolated multi-
ple (triple, quadruple) systems (Antonini et al. 2017;
Silsbee & Tremaine 2017; Arca-Sedda et al. 2018; Liu &
Lai 2018; Fragione & Kocsis 2019), mergers of binaries in
galactic nuclei (Antonini & Perets 2012b; Hamers et al.
2018; Hoang et al. 2018; Fragione et al. 2019) and the
chemically homogeneous evolution channel consisting of
rapidly spinning stars in isolated binaries (de Mink &
Mandel 2016; Mandel & de Mink 2016; Marchant et al.
2016; du Buisson et al. 2020).
In those formation scenarios BH-BH systems typi-
cally form with comparable-mass components (q & 0.5).
These predictions are challenged by GW190412.
In this study we demonstrate that in the isolated bi-
nary channel a small but significant fraction of systems
lead to a BH-BH merger similar to GW190412. We pro-
vide a proof-of-principle example of an isolated binary
that is both qualitatively and quantitatively indistin-
guishable from GW190412. We emphasize that we have
implemented only one model, incorporating our best es-
timates of the physics and astrophysics which sets the
evolution of stars in binary systems. We leave to fu-
ture work a more extensive study, investigating a greater
parameter space and exploring model uncertainties. Our
results, when combined and contrasted with similar stud-
ies of other formation channels, suggest a plausible origin
for GW190412.
2. CALCULATIONS
We use the population synthesis code StarTrack (Bel-
czynski et al. 2002, 2008a) to test the possibility of the
formation of a BH-BH merger resembling GW190412.
We employ the rapid core-collapse supernova (SN) en-
gine NS/BH mass calculation (Fryer et al. 2012), with
weak mass loss from pulsational pair instability super-
novae (Belczynski et al. 2016c). We assume standard
wind losses for massive stars: O/B star Vink et al.
(2001) winds and LBV winds (specific prescriptions for
these winds are listed in Sec. 2.2 of Belczynski et al.
2010a). We treat accretion onto compact object during
Roche lobe overflow (RLOF) and from stellar winds us-
ing the analytic approximations presented in King et al.
(2001); Mondal et al. (2020), and limit accretion during
the common envelope (CE) phase to 5% of the Bondi
rate (MacLeod et al. 2017).
The most updated description of StarTrack is given
in Belczynski et al. (2020). Here we use input physics
from model M30 of that paper except for two impor-
tant differences: First, instead of using the initial mass
ratio distribution from Sana et al. (2012), which allows
only q = 0.1–1.0, we now extend this distribution to
lower mass ratios q = qmin–1.0, where qmin is chosen in
such a way that a star mass is allowed to reach the hy-
drogen burning limit MZAMS = 0.08 M. Second, for
cases in which we do not know whether we should ap-
ply thermal timescale RLOF or CE for systems with
NS/BH accretors we use a specific diagnostic diagram
to decide between thermal RLOF and CE (see Sec. 5.2
of Belczynski et al. (2008a)). In this single step of bi-
nary evolution we previously applied our older numer-
ical approximation of the calculation of accretion onto
NS/BH presented in Belczynski et al. (2008b) instead of
our newly adopted analytic approach (King et al. 2001;
Mondal et al. 2020). These two changes increase the es-
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Fig. 1.— Evolution of an isolated binary system that produces a
BH-BH merger resembling GW190412 (see Sec. 3 for details). MS:
main sequence star, HG: Hertzsprung gap star, CHeB: core helium
burning star, He: naked helium star, BH: black hole, RLOF: Roche
lobe overflow, CE: common envelope.
timated total BH-BH merger rate in the local Universe
(z ∼ 0) from 43.7 Gpc−3 yr−1 (model M30.B; Belczynski
et al. (2020)) to 73.5 Gpc−3 yr−1 (this study; see below).
3. EXAMPLE OF EVOLUTION
In Figure 1 we present an example of the evolution of a
binary system which leads to the formation of close BH-
BH system consistent with the parameters estimated for
GW190412. This system was picked from the most popu-
lated formation channel of BH-BH mergers with q < 0.41
(see Tab. 1). This system has both BH masses and pri-
mary BH spin aspin1 within the range of 90% uncertain-
ties given by The LIGO Scientific Collaboration & the
Virgo Collaboration (2020). This system, with initial
primary mass ∼ 77 M and secondary mass ∼ 35 M,
is formed in a low metallicity environment Z = 0.002
(∼ 0.1 Z) with an initial separation of a ∼ 4000 R
and eccentricity e ∼ 0.87. When the more massive
star leaves the main sequence, the system circularizes
(a = 556 R, e = 0.0) at the onset of the stable RLOF
phase, during which the donor (primary star) loses a sig-
nificant amount (over 50%) of its mass. After finishing its
nuclear evolution, the primary undergoes direct collapse
and forms a first BH with no natal kick and no asso-
3ciated supernova explosion. After the secondary leaves
the main sequence and becomes a core helium burning
giant, the system enters a CE phase during which the
secondary loses its H-rich envelope. The system sepa-
ration decreases to only a ∼ 4 R. After CE, the sec-
ondary is a massive naked helium Wolf-Rayet (WR) star.
The binary separation is so small that the secondary is
subject to strong tidal interactions and is spun up. At
time t = 6.5 Myr since the start of the evolution, the sec-
ondary explodes as a Type Ib/c supernova (mass ejection
of ∼ 2.6 M; 3D natal kick of vkick = 88 km s−1) and
forms a second BH. Due to the very small orbital sepa-
ration, the two BHs, now with a mass ratio of q = 0.37,
merge in just ∼ 5.5 Myr.
The first BH forms with a spin aspin1 = 0.13 (calcu-
lated from MESA single stellar models with Spruit (1999)
angular momentum transport; see Fig. 2 of Belczynski
et al. (2020)) that is perfectly aligned with the binary an-
gular momentum (θ1 = 0 deg). Had we adopted more ef-
ficient angular momentum transport in stars (Fuller et al.
2019; Fuller & Ma 2019; Ma & Fuller 2019) than em-
ployed in standard MESA then primary BH spin would
change to aspin1 ∼ 0.01. This BH accretes in CE and dur-
ing stable RLOF from its companion (∼ 0.4 M) and in-
creases its spin to aspin1 = 0.19. The second, lower mass,
BH forms with spin aspin2 = 0.74 that is slightly mis-
aligned by its natal kick to θ2 = 2 deg. The spin magni-
tude is obtained from rapidly spinning MESA naked he-
lium star models with spins that correspond to a tidally
locked star for a given orbital period in our binary models
(see Eq. 15 of Belczynski et al. (2020)). The effective spin
parameter of this BH-BH merger is χeff = 0.335, within
the LIGO/Virgo range for GW190412 (0.14–0.34). It
is noted that for the virtually aligned geometry of BH
spins with binary angular momentum in this example
we do not expect any precession. Yet, there seems to
be marginal evidence for precession in GW190412. We
provide a discussion of precession in Section 5 and Ap-
pendix.
One might be tempted to identify phase 4 (just be-
fore CE in Fig. 1) of the evolution of our binary sys-
tem with high-mass X-ray binaries of the Cyg X-1 type
(MBH = 14.8 M, O star companion MO = 19.2 M
and orbital period of Porb = 5.6d
1; this corresponds to a
semi-major axis of a = 43 R). However, Cyg X-1 is an
active system (it accretes from a wind), which implies an
orbital separation that is too tight to allow survival of
the subsequent CE phase (Belczynski et al. 2012). If it
instead undergoes a stable RLOF (Pavlovskii & Ivanova
2015; Pavlovskii et al. 2017) then the orbit will widen be-
yond the limit (a ∼ 50 R) for two BHs to merge within
a Hubble time. We note that BH-BH progenitors in our
simulations are initially very wide (a & 1000 R) bina-
ries so they can successfully survive the CE phase (de
Mink & Belczynski 2015).
4. POPULATION OF LOW-q BH-BH MERGERS
Our simulation results in a z ∼ 0 population of merg-
ing BH-BH systems with a local rate density of R0 =
73.5 Gpc−3 yr−1. The cumulative distribution of mass
ratios for these mergers is presented in Figure 2. In
1 https://universeathome.pl/universe/blackholes.php
Fig. 2.— Cumulative fraction of merging BH-BH systems with
mass ratio smaller than q in the local Universe (z ∼ 0). Fractions
for selected mass ratios q < 0.21 (0.01%), q < 0.28 (0.16%), and
q < 0.59 (30.2%) are marked with black lines. The red line marks
q < 0.41, indicating that 9.2% of our simulated binary mergers at
z ∼ 0 are consistent with the 90% upper limit on q for GW190412.
this model the majority of BH-BH mergers (∼ 80%)
have large mass ratios (q > 0.5), consistent with pre-
vious results (Belczynski et al. 2016a). Here we focus on
the tail of the distribution extending to more extreme
mass ratios. Our model predicts very few systems with
mass ratios smaller than the average value reported for
GW190412: 0.16% of binaries have q < 0.28. How-
ever, we report a more significant fraction of systems
with mass ratios smaller than the 90% upper bound on
GW190412: 9.2% at q < 0.41. This fraction becomes sig-
nificantly higher for the 99% upper bound on GW190412:
30.2% at q < 0.59.
In Table 1 we show evolutionary sequences that lead
to the formation of BH-BH mergers with small mass ra-
tios: q < 0.41. We list the merger rate density arising for
typical evolutionary sequences. These are z ∼ 0 rate den-
sities and are subpopulations of the overall local BH-BH
merger population (R0 = 73.5 Gpc−3 yr−1). The table
presents merger rate densities for BH-BH systems which
are increasingly constrained to resemble GW190412:
1. R1: q < 0.41,
2. R2: q < 0.41 and 24.4 < m1/ M < 34.7 and
7.4 < m2/ M < 10.1,
3. R3: q < 0.41 and 24.4 < m1/ M < 34.7 and
7.4 < m2/ M < 10.1 and 0.17 < aspin,a < 0.59,
4. R4: q < 0.41 and 24.4 < m1/ M < 34.7 and
7.4 < m2/ M < 10.1 and 0.17 < aspin,a < 0.59
and 0.14 < χeff < 0.34.
The overall rate of systems with q < 0.41 is R1 =
6.8 Gpc−3 yr−1, which corresponds to ∼ 10% of our
overall predicted local merger rate density of BH-BH sys-
tems (R0 = 73.5 Gpc−3 yr−1). This is consistent with
the LIGO/Virgo estimate of the fraction of low mass ra-
tio systems as inferred from the detection of GW190412
combined with previous detections. We emphasize that
Figure 2 shows the distribution of the mass ratios for all
4TABLE 1
Evolutionary channels for q < 0.41 BH-BH mergers
No. Evolutionary historya Rb1 Rc2 Rd3 Re4
1 RLOF1 BH1 CE2 BH2 5.90 0.49 0.11 0.11
2 RLOF1 BH1 RLOF2 CE2 BH2 0.76 0.04 0.01 0.01
3 RLOF1 BH1 CE2 RLOF2 BH2 0.02 0.01 0.00 0.00
4 OTHER CHANNELS 0.11 0.00 0.01 0.00
All 6.79 0.54 0.13 0.11
a: RLOF: stable Roche lobe overflow, CE: common envelope, BH:
black hole formation, 1: indicates primary (initially more massive
star), 2: secondary star being donor in RLOF or CE.
b: Merger rate density ( Gpc−3 yr−1) for systems with q < 0.41.
c: above and 24.4 < m1/ M < 34.7 and 7.4 < m2/ M < 10.1.
d: above and 0.17 < aspin,a < 0.59.
e: above and 0.14 < χeff < 0.34.
merging binaries in the local Universe, which may be dif-
ferent from the distribution of detected binaries since it
does not incorporate gravitational-wave (GW) selection
effects. This is not expected to lead to a significant effect
in the case of mass ratio distributions (e.g., see Fig. 4 of
Fishbach & Holz 2020). In addition, it is to be noted
that the LIGO/Virgo estimate of & 10% of binaries hav-
ing q . 0.4 (The LIGO Scientific Collaboration & the
Virgo Collaboration 2020) is for the true (intrinsic) pop-
ulation, not the detected population. This estimate is
thus directly comparable to the results from Fig. 2.
To produce a low mass ratio system with a primary BH
as massive as 30 M, a progenitor binary needs to have
(i) one very massive component (MZAMS & 70 M), and
(ii) rather low initial stellar mass ratio (qZAMS < 0.5). In
addition, the progenitor binary needs to have low metal-
licity Z . 10% Z (. 0.002) (Belczynski et al. 2010a).
These systems are uncommon, leading to a dearth of
small mass-ratio BH-BH mergers such as GW190412.
5. DISCUSSION AND CONCLUSIONS
The existence of unequal mass binary black holes is
to be expected within the isolated binary evolution for-
mation scenario. The mass ratios of such systems were
initially investigated by Bulik et al. (2004). They found
that in the standard scenario one expects BH-BH sys-
tems with high mass ratios above 0.7 to dominate; how-
ever, varying the efficiency of the common envelope evo-
lution phase leads to the formation of systems with mass
ratios less than 0.5. Although our knowledge of binary
evolution and BH-BH formation has subsequently im-
proved, this result appears robust and remains valid.
Dominik et al. (2012) have shown the distribution of
mass ratios of BH-BH systems in their Figure 9. They
find that for sub-solar metallicity a significant fraction
of these mergers have mass ratio less than 0.5. An ad-
ditional hint for the existence of unequal mass BH-BH
systems from isolated binary evolution comes from the
analysis of the future evolution of Cyg X-3 (Belczynski
et al. 2013). This system will lead to formation of either a
BH-NS or BH-BH binary; in the latter case, the mass ra-
tio is expected to be below 0.6. Systems with BH masses
similar to GW190412 are also found in results from iso-
lated binary evolution calculations by other groups (e.g.,
see Fig.5 of Eldridge & Stanway (2016)).
The formation channel of GW190412 was considered
by Di Carlo et al. (2020), both through dynamical for-
mation in open clusters and through the classical isolated
binary evolution channel as discussed here. That group
finds that systems like GW190412: “can be matched only
by dynamical BH-BH born from metal-poor progenitors,
because isolated binaries can hardly account for its mass
ratio in our models.” Unlike them, we find that systems
like GW190412 are naturally formed by isolated binaries
in a small but significant fraction of systems. Note also
that the model that we use to account for the formation
of GW190412 has also been used to explain the merger
rates, masses, and low effective spins of the full O1/O2
LIGO/Virgo BH-BH merger sample (Belczynski et al.
2020).
Mandel & Fragos (2020) have questioned the
LIGO/Virgo conclusion that the non-negligible positive
effective spin parameter for GW190412 has its origin
from a moderate/high spin of the primary (more mas-
sive) BH in GW190412 (aspin1 = 0.17 − 0.59). Instead,
Mandel & Fragos (2020) point out that in the classical
isolated binary evolution scenario some second-born BHs
may form from tidally spun up helium stars, and that
the resulting BHs are expected to have high spins. Us-
ing priors consistent with this, they perform an alternate
analysis of GW190412 which finds that the primary BH
has negligible spin (aspin1 ∼ 0) while the secondary BH
has high spin (aspin2 = 0.64 − 0.99). This possibility is
also consistent with our results: we find that in ∼ 30%
of local BH-BH mergers with q < 0.41, tidal interactions
are strong enough to produce a lower-mass BH with spin
aspin2 > 0.64. For example, in Figure 1 we show a sys-
tem that forms a very close (a ∼ 4 R) binary with a
BH and a naked helium star (this is the evolutionary
phase just prior BH-BH formation). This naked helium
star is subject to tidal spin-up, and instead of forming
a slowly spinning BH, it forms a rapidly spinning BH
(aspin2 = 0.74). In contrast with the assumptions of
Mandel & Fragos (2020), in our simulations we calcu-
late the spins of primary BHs from single stellar models
(Belczynski et al. 2020) and find them to be small, but
not negligible. In the particular case shown in Figure 1,
the spin of the primary BH is aspin1 = 0.19. Since both
spins are closely aligned with the binary angular momen-
tum (the secondary is slightly misaligned due to a small
natal kick, to θ2 = 2 deg), the effective spin parameter of
this system is χeff = 0.335, which is consistent with the
upper end of the LIGO/Virgo 90% probability estimate
for GW190412.
GW190412 shows some weak evidence for misaligned
spins, with a non-zero precession parameter: χp =
0.15 − 0.49 (90% credible limits). In this system, the
amount of observed precession is consistent with noise
(see Fig. 6 of The LIGO Scientific Collaboration & the
Virgo Collaboration 2020), and the mild preference for
χp > 0 disappears when the gravitational-wave data is
reanalyzed with different priors on the spin magnitudes
(Zevin et al. 2020). Nevertheless, it is interesting to ex-
plore whether a clear observation of precession would be
consistent with our models. In our evolutionary example
(see Fig. 1) we do not expect to produce any precessing
systems as both BHs are almost fully aligned with the bi-
nary angular momentum. Some degree of misalignment
would appear in our model if, for example, we added a
larger natal kick at the formation of the second BH. At
this point the binary is so tight that even a large kick
5would have only a small chance to disrupt this binary.
The small natal kick applied to the second BH formed
through partial fallback results from the simple assump-
tion that natal kicks scale inversely with the amount of
the fallback (Fryer et al. 2012) but little is known lit-
tle is known about BH natal kicks (Repetto & Nelemans
2015; Mandel 2016; Belczynski et al. 2016b; Repetto et al.
2017; Gandhi et al. 2020). We have estimated the pre-
cession parameter for all the BH-BH mergers produced
by our model (see Appendix). The cumulative distri-
bution of χp (Fig. 3) shows that BH-BH mergers are
dominated by low precession parameters values for our
standard model (small natal BH kicks). We calculated
several additional models adopting high BH natal kicks,
and different approach to tidal spin up of BH progen-
itors to be able to provide an exclusion statement. If
an analysis of the LIGO/Virgo BH-BH population finds
that more than 10% of BH-BH mergers have large in-
plane spin components (χp > 0.5) then common enve-
lope isolated binary BH-BH formation channel can be
excluded as their origin. This conclusion is valid if (i)
stars in binaries are born with aligned spins and (ii) an-
gular momentum transport in massive stars is efficient
(driven by magnetic dynamo) producing low natal BH
spins (aspin < 0.2), unless BH progenitor stars are sub-
ject to tidal spin-up. Furthermore, this conclusion is
independent of the black hole natal kick model or the
action of tides on Wolf-Rayet stars in close binaries.
We have shown that the isolated classical binary evo-
lution channel can form binaries similar to GW190412.
This is an important explicit proof-of-principle demon-
stration that the event GW190412 may be the result of
isolated evolution. Furthermore, Fig. 2 shows that the
detection of a binary with a mass ratio of q . 0.4 is to
be expected within the current GW sample, since this
sub-population constitutes ∼ 10% of the total popula-
tion. We find that, if GW190412 formed via the classi-
cal isolated binary channel, it likely evolved from a low-
metallicity (Z < 10% Z) progenitor system with initial
mass ratio q < 0.5 between the two massive stars, but
that otherwise the system followed an evolutionary path
that is typical of the majority of BH-BH mergers Bel-
czynski et al. (2016a). Over the coming years the pop-
ulation of GW BH-BH mergers is expected to grow to
many hundreds of detections. These will facilitate de-
tailed population studies, including a determination of
the distribution of mass ratios. While the existing popu-
lation of BH-BH mergers can be explained using classical
isolated binary evolution, the discovery of a large popu-
lation of binaries with mass ratio q < 0.2 would pose a
significant challenge to our models.
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76. APPENDIX: PRECESSION PARAMETER
The LIGO/Virgo Collaboration gave an estimate of the GW190412 precession parameter χp which is spin-dependent
parameter expressed by the formula (Schmidt et al. 2015; Gerosa et al. 2020):
χp = max
[
aspin1sinθ1, aspin2sinθ2
q(4q + 3)
(4 + 3q)
]
(2)
The value of χp given by LIGO/Virgo is in the range of 0.15− 0.49 (90% credible limits). This is unique among the
other BH-BH merger detections for which the precession parameter was uninformative, and consistent with χp = 0
(corresponding to perfectly aligned spins). GW190412 shows weak evidence for precession, we note that the measure-
ment remains inconclusive, and small values of χp < 0.1 cannot be ruled out (The LIGO Scientific Collaboration &
the Virgo Collaboration 2020; Zevin et al. 2020). Although χp is poorly measured for individual gravitational-wave
events, combining multiple observations will reveal the population distribution of χp. This will provide a powerful test
of our models, as we discuss below.
We calculated distributions of precession parameter values for our standard model and its several variations.
The cumulative distribution of χp for our standard model is shown in Figure 3. For the overall BH-BH population
merging at z ∼ 0 as well as for the low mass ratio sub-population (q < 0.41), the distribution is dominated by low
precession parameters values: 90% of overall BH-BH binaries have precession parameter χp < 0.07 while 99% have
χp < 0.51. Low mass ratio BH-BH mergers have even lower values: 90% of the systems have χp < 0.04 and 99% have
χp < 0.11. The reason of the difference between those two populations is the relation between natal kicks and the mass
of resulting compact object. Less massive BHs usually get higher natal kicks, so precession is more likely in mergers
with low mass BHs. In the low mass ratio mergers, one of the black holes is always massive, and is formed through
direct collapse (without a SN explosion). In contrast, in the overall BH-BH population, there are cases of mergers
with two low-mass BHs that may form with high natal kicks. High natal kicks increase the degree of misalignment
and subsequently increase χp.
To test the maximum allowed level of precession in our isolated binary evolutuon model, we increase BH natal kicks
to the high speeds observed for single pulsars in the Galaxy (Maxwellian distribution with σ = 265 km s−1; Hobbs
et al. (2005)), and apply these natal kicks to all BHs independent of their mass. In this model, the distribution of
precession parameters shifted to higher values, with 90% of all BH-BH mergers (any q) having χp < 0.43 and 99%
having χp < 0.82 (see top panel of Fig. 4). Note that our standard model employs BH natal kicks decreased by
fallback, and in practice, massive BHs (M & 10− 15 M) do not receive natal kicks.
We have also tested the effect of tidal interactions between Wolf-Rayet star (an immediate BH progenitor in our
models) and its massive companion on precession parameter. Three variants of approach to tides are shown in the
bottom panel of Figure 4. Note that tides may change misalignment angles and BH natal spin magnitude affecting the
value of χp. We perform this analysis on high natal BH kick model to maximize the effect of tides. We tested a variant
with no tidal interactions on WR stars (no tides), a variant in which tides only affect spin magnitude (partial tides:
our standard model approach), and a variant in which tides affect spin magnitude and cause alignment of Wolf-Rayet
star with binary angular momentum (full tides; note that this star spin may be misaligned if earlier natal kick on the
other star shifted binary angular momentum vector).
We find that among these three drastically different approaches to tides, our standard model (partial tides) may be
considered as an upper limit on χp parameter value. For both no tides and full tides variants 90% of systems have
χp . 0.2 while 99% of systems have χp . 0.15, which is much less than for the variant with partial tides (for 90%
χp < 0.43 and for 99% χp < 0.82). The lower limit on χp values in no tides variant is simply related to the fact that
the BH spin magnitudes are not increased due to tidal interactions in the WR phase. In the case of full tides the sharp
increase in fraction of systems near χp ∼ 0 is generated due to the assumption about the WR star spin alignment with
the system angular momentum so the part of the formula corresponded to a given BH (Eq. 2) takes the value of zero.
Those differences cause the removal of systems with high χp from the distribution for no tides and full tides variants
as contrasted with our partial tide model.
Based on our results we may conclude that if an analysis of the LIGO/Virgo BH-BH population reveals that more
than 10% of systems have high precession (χp > 0.5) then common envelope isolated binary BH-BH formation channel
can be excluded as their origin. This conclusion is valid if (i) stars in binaries are born with aligned spins and (ii) natal
BH spins are low (aspin < 0.2) unless their progenitor stars are subject to strong tidal interactions, and is independent
of the black hole natal kick model or the action of tides on Wolf-Rayet stars in close binaries. We note that we have
assumed in all our simulations that stellar spins are aligned with the binary angular momentum at ZAMS, that only
natal kicks at BH formation may misalign stellar/BH spins, and that only tidal interactions can realign stellar spins.
8Fig. 3.— Cumulative distribution of precession parameter χp of BH-BH mergers in the local Universe (z ∼ 0). Black line - overall
BH-BH population; red line - sub-population of BH-BH mergers with mass ratio q < 0.41. Results for standard model: Spruit-Tayler BH
spins + natal kicks lowered by fallback and partial tidal interactions.
9Fig. 4.— Cumulative distribution of precession parameter χp of BH-BH mergers in the local Universe (z ∼ 0). Top: solid black line -
overall BH-BH population with standard natal kicks lowered by fallback; dashed black line - overall BH-BH population with full natal kicks;
Bottom: blue dashed line - overall BH-BH population with full natal kicks and no tidal interactions on Wolf-Rayet stars; black dashed
line - overall BH-BH population with full natal kicks and partial tidal interactions on Wolf-Rayet stars (spin magnitude); red dashed line
- overall BH-BH population with full natal kicks and full tidal interactions on Wolf-Rayet stars (spin magnitude and angles);
